Abstract
Integration of Brassinosteroid and Phytosulfokine Signalling Controls Vascular Cell
Positioned between xylem and the nutrient-transporting phloem are the cells of the 58 procambium, which give rise to the lateral meristems during secondary growth (1). Root 59 vascular tissue patterning is set up in the embryo and maintained in the post-embryonic root 60 by mutual antagonism of auxin and cytokinin signalling domains (2-5). After xylem precursor 61 cells are displaced from the root meristem, an intricate gene-regulatory network connected to 62 patterning mechanisms by HD-ZIP III transcription factors mediates differentiation into 63 tracheary elements (6-9). Thus, primary root xylem cell fate can be traced back to early 64 specification events in the embryo. In contrast, during secondary growth, (pro)cambial cells 65 adjacent to the existing tracheary elements acquire xylem cell fate dependent on positional 66 information (10). 67
Brassinosteroid (BR) hormone signalling (11, 12) has been implicated in xylem differentiation 68 and vascular patterning (13, 14 
Results

103
RLP44 directly interacts with the brassinosteroid receptor BRI1 104
We previously demonstrated that RLP44 is present in a complex with both BRI1 and its co-105 receptor BAK1 and is able to promote BR signalling upon cues from the cell wall or when 106
overexpressed. In addition, we provided evidence for direct interaction with BAK1 (34). To 107 assess whether RLP44 can also directly interact with BRI1, we performed a mating-based split 108 ubiquitin assay in yeast (36) . Under selective conditions, interaction of BRI1 and RLP44 109 enabled yeast growth, similar to what was observed before with BAK1-RLP44 and BAK1-BRI1 110 (34) (Fig. 1A) . In addition, Foerster resonance energy transfer-fluorescence lifetime imaging 111 microscopy (FRET-FLIM) analysis after transient expression in Nicotiana benthamiana leaves 112 confirmed that BRI1 and RLP44 are able to interact directly ( Fig. 1B and Fig. S1A ).
113
Furthermore, endogenous BRI1 and BAK1 were detected in immunoprecipitates of RLP44-114 GFP expressed under the control of its own promoter in the rlp44 cnu2 mutant background (Fig. 115 S1B) . In summary, RLP44 and BRI1 form complexes in yeast and in planta through a direct 116 interaction. To assess the potential role of the RLP44-BRI1 signalling modules we sought to 117 identify the tissues in which it might be active. As BRI1 is ubiquitously expressed, we thus 118 investigated the expression pattern of RLP44. 119
RLP44 is expressed in the developing root vasculature 120
To study the function of RLP44, we generated transgenic plants expressing a translational 121 GFP fusion of RLP44 under control of the RLP44 promoter (pRLP44:RLP44-GFP). These 122 plants displayed elongated, narrow leaf blades and elongated petioles, reminiscent of BRI1 123 overexpressing plants ( Fig. 2A and B) (37), and as previously observed with RLP44 124 overexpression (34). We crossed a pRLP44:RLP44-GFP line with the RLP44 loss-of-function 125 mutant rlp44 cnu2 derived from comfortably numb 2 (34), which resulted in plants with a wildtype-126 like appearance (Fig. 1C) , demonstrating that the fusion protein is functional, and confirming 127 that the additional transgenic RLP44 expression was causative for the observed 128 morphological effects (Fig. S2A ). In the root apical meristem of pRLP44:RLP44-GFP and 129 pRLP44:RLP44-GFP (rlp44 The prevalence of pRLP44:RLP44-GFP fluorescence in the stele prompted us to study the 141 role of RLP44 in vascular development. To this end, we visualized lignified secondary cell 142 walls in rlp44 loss-of-function mutants through basic fuchsin staining and observed 143 supernumerary metaxylem-like cells, frequently outside the primary xylem axis in the position 144 of the procambium ( Fig. 3A and B) , a phenomenon we never observed in wildtype roots.
145
Quantification of metaxylem cells in seedling roots of both rlp44 cnu2 and the T-DNA insertion 146 line rlp44-3 six days after germination (dag) showed a significant increase (Fig. 3C) pronounced increase in xylem cell number (Fig. 3D) . In sharp contrast, bri1 null alleles such 157 as a previously characterized T-DNA mutant (termed bri1-null) (42) and the bri1 brl1 brl3 triple 158 mutant (called bri triple from hereon) (43) displayed a marked increase in the number of 159 differentiated xylem cells (Fig. 3D ), whereas expression of BRI1 under the control of its own 160 promoter in bri1-null resulted in wildtype-like xylem ( Figure 3E ). Taken together, our results 161
show that the xylem differentiation phenotype does not correlate with the severity of BR 162 deficiency-related growth phenotypes (Fig. 3F ). This is best exemplified by the comparison 163 between the cpd and bri1 null mutants, with cpd displaying wildtype-like or even slightly 164 decreased xylem cell numbers, despite exhibiting a bri1-null-like growth phenotype. Thus, the 165 control of xylem cell number, is largely independent of BR signalling outputs, but requires the 166 presence of both BRI1 and RLP44. Interestingly, the expression of RLP44 was reduced in the 167 bri1-null mutant but not in bri1 hypomorphs or cpd, suggesting that reduced RLP44 levels 168 could partially explain the xylem phenotype of bri1-null ( Fig. S4A , B). Consistent with this, 169 uncoupling RLP44 transcription from BRI1 control through the 35S promoter could alleviate 170 the bri1-null xylem phenotype ( Fig. S4C ), suggesting that BRI1 and RLP44 indeed act in the 171 same pathway regulating xylem cell fate. In contrast, overexpression of RLP44 had no effect 172 on growth BL-insensitivity of bri1-null (Fig. S5 ). Taken together, our findings demonstrate that 173 the phenotype of bri1 loss-of-function mutants is partially independent from BR signalling 174 outputs and suggest that RLP44 exerts its function downstream of BRI1 through other, yet 175 unidentified signalling components.
176
It has been previously reported that root vascular development is responsive to environmental 177 conditions (7). We compared xylem cell numbers of plants grown on standard medium (0.9% 178 agar) and those that experienced increased mechanical force by growth on reclined hard agar 179 plates (2% agar) (44). Interestingly, the number of xylem cells in the wildtype increased 180 substantially under those conditions, whereas it did not further increase in rlp44-3 (Fig. S6 ). 181 Vascular cell fate determination by RLP44 and BRI1 is independent of BR signalling-182 mediated control of cell proliferation 183
We next asked whether the increase in xylem cell number observed in the rlp44 mutant is 184 reflected in enhanced cell proliferation in the root and therefore quantified vascular cell number 185 of the seedling roots 6 dag. In rlp44-3, vascular cell number was indistinguishable from 186 wildtype in the differentiation zone, suggesting normal cell proliferation in the root meristem 187 (Fig. 4A ). The bri1 cnu1 mutant, which did not display ectopic xylem cells, showed a significant 188 increase in total vascular cell number ( Fig. 4A) , consistent with the recently described role of 189 BR signalling in controlling formative cell divisions (45). These results suggest that increased 190 xylem and increased proliferation in the vasculature are independent phenomena, and confirm 191 a role for BR signalling in controlling formative cell divisions in the root meristem ( suppressed root growth and led to a strongly decreased vascular cell number (Fig. 4C ). The 197 rlp44 cnu2 mutant displayed a wildtype-like response to the manipulation of BR levels in terms 198 of cell number (Fig. 4C) , further supporting the independence of the xylem cell fate phenotype 199 from the BR-signalling mediated control of cell proliferation (45). 200
RLP44 controls xylem cell fate by promoting phytosulfokine signalling 201
The results described so far suggested that the maintenance of procambial cell identity in the 202 root requires the presence of both BRI1 and RLP44. In addition, RLP44 seems to act 203 downstream of BRI1 in controlling vascular cell fate. As it could be ruled out that RLP44 exerts 204 its effect on xylem differentiation through BR signalling, we reasoned that in the absence of a 205 kinase domain, RLP44 is required to interact with and influence the activity of another 206 signalling component which, in turn, controls xylem cell fate. Interestingly, besides BRI1 and 207 its close homologues BRL1, BRL2, and BRL3, the LRR X clade of RLKs harbours the 208 receptors for the peptide growth factor PSK, PSKR1 and 2 (16). As PSK signalling has also 209 been implicated in promoting the trans-differentiation of Zinnia elegans mesophyll cells into 210 tracheary elements (31, 47) and depends on functional BR signalling (29), we tested the 211 association of RLP44 with PSKR1. Co-immunoprecipitation experiments in N. benthamiana 212
showed that PSKR1-GFP (33) was present in RLP44-RFP immunoprecipitates (Fig. 5A) . In 213 addition, FRET-FLIM analysis showed a pronounced reduction in fluorescence lifetime when 214 PSKR1-GFP was co-expressed with RLP44-RFP, suggesting a direct interaction (Fig. 5B ) that 215
was not affected by exogenous application of PSK ( Fig. S7A and B) . Moreover, exogenous 216 application of PSK peptide reverted rlp44 xylem back to the stereotypical wildtype pattern of 217 mostly two protoxylem and three metaxylem cells in one axis (Fig. 5C ). Further supporting a 218 role of PSK signalling in the control of xylem cell fate, the pskr1-3 pskr2-1 double mutant (48) 219 showed an increased number of xylem cells reminiscent of the rlp44 mutant ( Fig. 6D and E).
220
A similar phenotype was observed in the double mutant of pskr1-3 and the related RLK psy1r1, 221 as well as in the tpst-1 mutant, impaired in the biosynthesis of PSK and other sulfated peptides 222 ( Fig. 5D and E) (28, 49). We then asked how RLP44 might promote PSK signalling. As RLP44 223 is a direct interaction partner of both PSKR1 and its co-receptor BAK1, we assessed whether 224 presence of RLP44 could increase association of receptor and co-receptor. Indeed, more 225 BAK1 was detected in immunoprecipitates of PSKR1-GFP expressed in N. benthamiana when 226 RLP44-RFP was co-expressed ( Fig. 5F ), suggesting that RLP44 might act as a scaffold in the 227 complex. Supporting these results, BAK1 levels in immunoprecipitates of PSKR1-GFP were 228 reduced in the rlp44 cnu2 mutant (Fig. 5G) . Notably, presence of PSKR1-GFP had a negative 229 effect on the amount of RLP44 in immunoprecipitates of BRI1-RFP (Fig. S7C ), suggesting that 230 the two pathways might compete for RLP44. Taken together, our data suggest that RLP44 231 interacts with, and stabilizes a complex between, PSKR1 and BAK1 to promote PSK 232 signalling, which, in turn, suppresses the progression from procambial to xylem identity ( elegans only when applied early to the cell culture (31, 47). Finally, PSK signalling promotes 292 callus growth and longevity, in line with a role in the maintenance of cell identity (27). 293 Accordingly, it has been proposed that PSK signalling maintains the responsiveness to 294 intrinsic and extrinsic cues to tune proliferation or differentiation (27). However, it is unclear 295 how PSK signalling affects cellular behaviour, in part due to a lack of knowledge about 296 potential downstream targets. It will be interesting to see how the BRI1-RLP44-PSK signalling 297 module described here integrates with the fundamental patterning processes and the gene 298 regulatory networks controlling xylem differentiation (2, 7). 299
The role of BR signalling in vascular development 300 It has long been described that BR signalling plays an important role in the development of 301 vascular tissue (13, 14) . In addition, it has been reported that BR signalling is kept at low levels 302 in procambial cells of leaf and hypocotyl to prevent their differentiation into xylem cells (57).
303
Our results suggest that in the primary xylem of the root, BR signalling only plays a minor role 304 in controlling differentiation, in marked contrast to the strong patterning defects of BR 305 signalling and biosynthetic mutants in the shoot (14) . Conversely, at least in the root, presence 306 of BRI1 has a negative effect on xylem cell fate through RLP44 and PSK signalling-mediated 307 maintenance of procambial identity. Therefore, our results identify a novel role of BRI1 in root 308 development which is independent of its role as BR receptor. 309 310
Materials and Methods
311
Details of materials and methods are provided in the Supplemental Information file. Mutants 312 and transgenic lines used in this study are listed in Table S1 . 313
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